1. Introduction {#s001}
===============

In 2007, [the Mars Exploration Rover Spirit]{.smallcaps} encountered rocks and regolith composed of opaline silica (amorphous SiO~2~·*n*H~2~O) next to a volcanic landform dubbed Home Plate in the Columbia Hills of Gusev crater (Squyres *et al.*, [@B85]). The origin and age of the opaline silica have been the subject of debate ever since. Two silica-forming processes have been suggested, one involving leaching of existing materials in the landscape by acid-sulfate condensates arising from volcanic fumaroles, and the other involving direct precipitation of opaline silica from hot spring and/or geyser fluids (e.g., Squyres *et al.*, [@B85]; Yen *et al.*, [@B105]; Ruff *et al.*, [@B70]). Both processes occur in volcanic hydrothermal settings, the presence of which is indicated in the Columbia Hills by evidence for hydrovolcanism and by geochemical and mineralogic indicators of hydrothermal fluids (e.g., Squyres *et al.*, [@B84], 2008; Lewis *et al.*, [@B43]; Schmidt *et al.*, [@B75], 2009; Wang *et al.*, [@B98]; Yen *et al.*, [@B105]).

On Earth, the expression of opaline silica arising from these two processes is markedly different, manifested by differences in composition, morphology, texture, and stratigraphy, which are, in part, a function of the role of microbial constituents. Neglecting any of these characteristics can lead to misidentification of process, which precludes the proper assessment of habitability and microbial preservation potential of the setting, a key objective in Mars exploration, as well as in the investigation of life on early Earth.

Fumarolic acid-sulfate leaching occurs where sulfuric acid aerosols (H~2~SO~4~), produced from oxidation and hydration of volcanic gases, condense onto materials surrounding fumaroles (e.g., Payne and Mau, [@B60]; Bignall and Browne, [@B8]; Rodgers *et al.*, [@B64]). Where silicate materials are present, leaching removes cations and passively enriches silica, leaving a residue of opaline silica that ranges from millimeter-scale coatings to complete mineral replacement of existing rocks. Fumarolic settings host microbial communities (e.g., Ellis *et al.*, [@B25]; Costello *et al.*, [@B20]; Benson *et al.*, [@B6]; Cockell *et al.*, [@B19]), but to our knowledge, their preservation over geological timescales has not been documented.

In contrast, where hot silica-rich waters emanating from hot springs and geysers cool and evaporate, they precipitate opaline silica on any available surface, accumulating as sheet-like chemical sedimentary deposits known as sinter. Most sinter deposits are produced from near-neutral pH alkali chloride springs, with accumulations that are centimeters to meters thick, but acid-sulfate-chloride springs with pH as low as 2.1 are also known to produce sinter deposits (Schinteie *et al.*, [@B74]). Because hot springs commonly host extensive microbial communities, the role of microbes in facilitating silica precipitation has long been debated (e.g., Weed, [@B99]; Allen, [@B1]; White *et al.*, [@B102]; Walter *et al.*, [@B95]) and continues to be investigated (e.g., personal communication; Tobler *et al.*, [@B89]; Orange *et al.*, [@B58]; Murphy *et al.*, personal communication). The potential for sinter deposits to entomb and preserve biomaterials and textures over geological timescales is well documented (e.g., Campbell *et al.*, [@B15]; Campbell *et al.*, [@B12]; Djokic *et al.*, [@B22]; Guido *et al.*, [@B32]; Rice *et al.*, [@B61]; Teece *et al.*, [@B88] in this issue; Walter *et al.*, [@B97]; White *et al.*, [@B103]), which is a primary reason that they are a favored target in the search for ancient life on Mars (e.g., Walter and Des Marais, [@B96]; Farmer and Des Marais, [@B26]; Cady *et al.*, [@B10]).

The presence of sulfur-rich, fine-particulate regolith (S-rich "soils") in the Columbia Hills, some of which include silica enrichments, has been attributed to fumarolic activity and tied to the origin of the Home Plate opaline silica deposits based largely on compositional considerations and proximity (e.g., Squyres *et al.*, [@B85]; Wang *et al.*, [@B98]; Yen *et al.*, [@B105]). However, it has been shown recently that the ratio of Si to Ti compared with Si abundance is inconsistent with an acid leaching origin for some of the opaline silica rocks at Home Plate (Yen *et al.*, [@B106]). A range of other available observations also must be considered to resolve the ambiguity between identification of silica sinter and silica residue for the Home Plate opaline silica occurrence. Following on from the work of Ruff *et al.* ([@B70]), we incorporate new and existing observations of the Home Plate region with observations from field and laboratory work to address this ambiguity. The results demonstrate that a volcanic hydrothermal system manifesting both hot spring/geyser and fumarolic activity best explains Home Plate silica deposits and nearby S-rich soils. The co-occurrence of these hydrothermal manifestations has long been recognized on Earth (e.g., Day and Allen, [@B21]; White, [@B101]; Ellis and Mahon, [@B24]; Sorey *et al.*, [@B80]; Bignall and Browne, [@B8]; McHenry *et al.*, [@B50]) and likely also occurred in ancient hydrothermal systems on Mars.

2. Background {#s002}
=============

2.1. Columbia Hills geological context {#s003}
--------------------------------------

### 2.1.1. Geology {#s004}

The Columbia Hills is a set of low hills rising up to ∼100 m above the surrounding plains, with a lateral extent of ∼6 km. From orbital images, it is apparent that the hills are embayed by the basaltic lava flows over which the Spirit rover traversed on its approach from the west ([Fig. 1](#f1){ref-type="fig"}). The hills thus represent a kipuka, that is, an older terrain embayed by lava flows, one of many examples on the floor of Gusev crater. The embaying basaltic lava flows have been dated to ∼3.65 Ga based on crater retention age (Greeley *et al.*, [@B30]), which indicates that the terrain units comprising the Columbia Hills are older than this age. None of these terrain units is recognized elsewhere in Gusev to be present on top of the basaltic plains, although other kipukas appear to host comparable terrain units (Ruff *et al.*, [@B71]), supporting the idea that all of the Columbia Hills terrains are older than the embaying lava plains.

![Context of the Columbia Hills in Gusev crater. Red-lined inset image depicts the ∼160 km diameter Gusev crater in a mosaic of THEMIS VIS images. The white rectangle (centered at 175.5° E, 14.6° S) is the location of the Columbia Hills shown in the main image, which is cropped from CTX B01_010098_1653_XI_14S184W. Basaltic lava flows have embayed the terrains of the Columbia Hills, implying that they are older than the flows. PR indicates Paso Robles S-rich soil. Yellow rectangle represents the yellow-lined inset image of the Inner Basin (cropped from HiRISE PSP_001513_1655_RED), which contains the Home Plate feature (HP) and two candidates for other Home Plate-like deposits (HPc), and the candidate volcanic vent feature called Goddard (G). Other S-rich soils are indicated at A for Arad and T for Tyrone. CTX, Context Camera; HiRISE, High-Resolution Imaging Science Experiment; THEMIS VIS, Thermal Emission Imaging System Visible Imaging System.](ast.2019.2044_figure1){#f1}

Spirit encountered a diversity of rock types along its traverse through the Columbia Hills, all of which appear to result from intrusive or extrusive magmas, explosive volcanic eruptions, or impact processes (e.g., Ruff *et al.*, [@B69]; Squyres *et al.*, [@B83]; Arvidson *et al.*, [@B2], 2010; McSween *et al.*, [@B52]). No sedimentary rocks produced in a lake environment were encountered. This is contrary to expectation based on geomorphic evidence that Gusev crater once hosted a lake, one of the reasons that it was selected as the Spirit landing site (Squyres *et al.*, [@B82]). However, there are multiple examples indicative of the role of water in altering rocks both on the plains and in the Columbia Hills (e.g., Haskin *et al.*, [@B34]; Hurowitz *et al.*, [@B37]; Ming *et al.*, [@B53]; Clark *et al.*, [@B18]; Morris *et al.*, [@B56]; Ruff and Hamilton, [@B67]), including the possible role of lacustrine processes (Ruff *et al.*, [@B71]). Thus, there is abundant evidence for alteration by water in multiple places at multiple times in the geological history of Gusev crater.

All of the rock units explored by Spirit in the vicinity of Home Plate, with the exception of the opaline silica outcrops, appear to be volcanically derived materials of basaltic composition that are altered to varying degrees. Stratigraphic relationships are clearly expressed in some cases but ambiguous in others, as described herein. A conceptual model of the stratigraphic relationship of the opaline silica outcrops with other rock units is presented in Section 4.3. The stratigraphically lowest recognized unit, known as Halley class, is fine-grained, light-toned bedrock with a commonly platy outcrop expression. It is interpreted to be an ash deposit altered under oxidizing acid-sulfate-dominated conditions (Ming *et al.*, [@B54]; Squyres *et al.*, [@B85]). Found exclusively to the east and south of Home Plate, it is the only recognized rock unit in contact with outcrops of opaline silica (Squyres *et al.*, [@B85]).

The rocks of the Home Plate feature, an erosional remnant of volcaniclastic deposits up to a few meters thick and ∼80 m wide ([Fig. 2](#f2){ref-type="fig"}), appear to be stratigraphically above the Halley class outcrops, although no direct contact is evident. The coarser-grained lower portion of Home Plate known as Barnhill class likely was emplaced by explosive volcanic activity and the finer-grained, cross-bedded upper portion known as Pesapallo (sub)class may represent either Aeolian reworking of the lower unit (Squyres *et al.*, [@B84]) or a pyroclastic surge deposit (Lewis *et al.*, [@B43]). Other candidates for Home Plate-like volcaniclastic deposits are present elsewhere within the Inner Basin of the Columbia Hills, identified by similar morphology and albedo characteristics (Rice *et al.*, [@B62]). This suggests a more extensive and perhaps formerly continuous deposit of comparable pyroclastic materials ([Fig. 1](#f1){ref-type="fig"}). A candidate volcanic vent dubbed Goddard, which may be the source of this material, is present ∼170 m to the south of the center of Home Plate (Rice *et al.*, [@B62]) ([Fig. 1](#f1){ref-type="fig"}). It was an intended target of exploration for Spirit but was not reached before the rover became embedded in fine particulate regolith, which precluded further driving (Arvidson *et al.*, [@B3]).

![Context of the Home Plate feature and opaline silica occurrences (modified from Ruff *et al.*, [@B70]). Dashed lines indicate approximate extent of recognized and likely silica-rich outcrops. Red line approximates rover traverse route reconstructed from wheel tracks seen in HiRISE and rover-based images. Opaline silica materials referred to in the text are: Gertrude Weise soil (GW), Elizabeth Mahon (EM) and Milltown Malbay (MM) nodules with digitate structures, and Nancy Warren (NW) and Norma Luker (NL) rocks with breccia texture. Other named features are described in the text. Image cropped from HiRISE PSP_001513_1655_RED.](ast.2019.2044_figure2){#f2}

Lying above the Halley class rocks are two different layered rock units known as Torquas and Graham Land that are present on Mitcheltree Ridge to the east and Low Ridge to the south of Home Plate, respectively ([Fig. 2](#f2){ref-type="fig"}). Both of these units host abundant, close-packed, millimeter-sized spherical grains that constitute possible volcanic accretionary lapilli (Arvidson *et al.*, [@B2]; Squyres *et al.*, [@B85]). Although their stratigraphic position above Halley class outcrops is clearly expressed, their relationship to Home Plate volcaniclastic rocks is not. They may be coeval but spatially separated deposits, perhaps originally interfingered, or they may be separated in time with intervening erosion, as suggested by the fact that the Home Plate rocks are moderately dipping, whereas the Torquas and Graham Land rocks are subhorizontal. Faulting is another possible explanation for the different orientations and distributions of what are otherwise compositionally relatively similar volcaniclastic rock units across the Eastern Valley ([Fig. 2](#f2){ref-type="fig"}).

Capping all of these volcaniclastic rocks is a vesicular basaltic unit known as Irvine class, which occurs as cobbles and boulders on Mitcheltree and Low ridges, and as scattered blocks on top of Home Plate. These rocks may represent either disaggregated lava flows or scoria accumulations (Schmidt *et al.*, [@B75]).

### 2.1.2. Hydrothermal activity {#s005}

There are multiple lines of evidence suggesting past hydrothermal activity in the vicinity of Home Plate and elsewhere within the portion of the Columbia Hills explored by Spirit. Sulfur-rich soil was observed on the north side of Husband Hill in regolith exposed by rover wheel disturbances. Dubbed Paso Robles, this material represents the type example for comparable S-rich soils encountered in a similar context closer to Home Plate ([Fig. 1](#f1){ref-type="fig"}) (Yen *et al.*, [@B105]; Arvidson *et al.*, [@B3]) and perhaps elsewhere (Wang *et al.*, [@B98]; Winchell and Rice, [@B104]). All are light-toned soils, some with a yellowish hue, exposed by the rover\'s wheels from beneath darker basaltic soil. They are dominated by ferric iron sulfates, silica, and Mg-sulfates, one or more of which are hydrated, with indications of Ca-sulfates, Ca-phosphates, and other minor phases in some places (Campbell *et al.*, [@B11]; Wang *et al.*, [@B98]; Yen *et al.*, [@B105]). Some combination of volcanic vapors and acidic hydrothermal fluids is believed to be responsible for this material.

Hydrothermal alteration of Home Plate Barnhill class rocks is indicated by comparing their composition with that of the overlying Irvine class rocks, which may represent the unaltered, juvenile basaltic precursor composition (Schmidt *et al.*, [@B75]). Such comparisons demonstrate excess halogen and volatile siderophile elements in Barnhill class. This has been interpreted as evidence for brine addition during phreatomagmatic fragmentation that was later overprinted by hydrothermal alteration (Schmidt *et al.*, [@B75]). In this model, briny groundwater may have been the trigger fluid that initiated the phreatomagmatic eruption that formed the materials composing Home Plate and other associated features.

The presence of opaline silica around the margins of the Home Plate feature, in what clearly is a volcanic setting, strongly implies hydrothermal activity. Its proximity to the Paso Robles class S-rich soils and the Barnhill class rocks of Home Plate has been used to support the hypothesis of hydrothermal activity in those locations (e.g., Schmidt *et al.*, [@B75], 2009; Yen *et al.*, [@B105]). Characteristics of the opaline silica occurrence are presented in the next section.

2.2. Opaline silica at Home Plate {#s006}
---------------------------------

Previous work has thoroughly documented the characteristics of the opaline silica occurrences adjacent to Home Plate (Squyres *et al.*, [@B85]; Ruff *et al.*, [@B70]; Ruff and Farmer, [@B66]), which are summarized here. Previously unpublished observations are presented in Section 4.

All of the known opaline silica occurrences are found within ∼50 m of the Home Plate feature around its north and east sides ([Fig. 2](#f2){ref-type="fig"}). The silica displays what was described previously as a "nodular" appearance (Squyres *et al.*, [@B85]), indicating the generally rounded or bulbous morphology of the typically clustered pieces of light-toned rocks, which individually are mostly \<15 cm in size ([Fig. 3](#f3){ref-type="fig"}). No bedrock expression is evident, yet the rubbly appearing nodular silica resisted deformation from the rover wheels in multiple places along its traverse, leading to the descriptor "outcrop." The lack of commingling of silica nodules with other rock types adds to the evidence that they are in-place outcrop rather than transported detritus. This homogeneity is especially recognizable because of the lighter tone and reddish to whitish hues of the nodular silica versus darker, bluer rocks of basaltic composition seen in false color images in the vicinity of Home Plate.

![Nodular opaline silica with digitate structures. **(A)** An example known as Milltown-Malbay shows some of the characteristics of the opaline silica outcrops adjacent to Home Plate (see [Fig. 2](#f2){ref-type="fig"} for context) in this Pancam approximate true color image (sol 778, P2388), which spans ∼1 m at its base. Halley class buff-colored platy bedrock is present at the bottom of the scene (above the rover hardware). **(B)** An example of opaline silica sinter deposited in an active discharge channel of a hot spring at Tuja, Chile with similar characteristics. Scene spans ∼1 m at its base.](ast.2019.2044_figure3){#f3}

Discontinuous, low profile (\<30 cm) nodular silica outcrops commonly occur directly on top of Halley class bedrock, which has a buff color and platy morphology that is quite distinct from the silica ([Fig. 3](#f3){ref-type="fig"}). This contact relationship and topography-conforming expression contributes to the characterization of the silica outcrops as stratiform (Ruff *et al.*, [@B70]). No other contact relationship has been found, although silica outcrops were observed with no exposed lower contact. There is no obvious preferred orientation among the individual outcrops, which typically are a meter or two in length in their long dimension.

Many of the individual silica nodules have millimeter-scale protuberances described as digitate protrusions or digitate structures ([Fig. 3](#f3){ref-type="fig"}), which may have resulted from aeolian erosion (Ruff *et al.*, [@B70]), although their resemblance to hot spring microbial stromatolites on the Earth has been noted (Ruff and Farmer, [@B66]). The nodules have varied textures as observed on both disturbed and undisturbed surfaces. Where the rover wheel was used intentionally to expose fresh surfaces, two different disturbed nodules displayed porous, clastic textures, one with possible coated grains, the other with a brecciated appearance. Undisturbed nodules also display porosity, but in one case it is a distinctive sponge-like, vaguely honeycomb texture seemingly unaffected by aeolian erosion (Ruff *et al.*, [@B70]), which contrasts with the obviously smoothed porosity in other examples (Section 4).

Among the scattered outcrops of nodular silica is one occurrence of light-toned opaline silica regolith (soil), dubbed Gertrude Weise. This was inadvertently exposed by dragging of the rover\'s one inoperative wheel through otherwise dusty, dark-toned basaltic soil. The opaline silica soil is notably heterogeneous in particle size, with poorly sorted, very angular to sub-rounded particles ranging from cm-scale down to the limits of resolution of the Microscopic Imager (MI; ∼30 μm/pixel), although the sand-sized fraction is dominant. The poor sorting, range of grain roundness, and paucity of fines indicate an immature soil that could have been produced by the action of the dragging wheel across silica-rich rock(s) rather than by natural soil-forming processes (Ruff *et al.*, [@B70]).

The silica soil provided the highest measured value of silica (91 wt % SiO~2~) from Spirit\'s Alpha Particle X-ray Spectrometer (APXS) compared with all other measured high-silica materials, despite having a minor amount of basaltic soil contamination. The nodular silica outcrops invariably had much greater contamination from basaltic soil and airfall dust, contributing to the lower measured SiO~2~ values (62--73 wt %) (Squyres *et al.*, [@B85]). After subtraction of a basaltic component, the nodular silica SiO~2~ values reach 86 wt % (Ruff *et al.*, [@B70]). The greater abundance of Ti in the silica soil relative to the typical basaltic soil (∼1.3 vs. ∼0.75 wt % TiO~2~) was suggested to represent passive enrichment, in concert with SiO~2~ enrichment, due to acid-sulfate leaching (Squyres *et al.*, [@B85]). However, the nodular silica does not display the same trend, nor is there a sulfur enrichment in any of the opaline silica materials, weakening this hypothesis (Ruff *et al.*, [@B70]). Additionally, a recent reassessment of APXS measurements demonstrates that the Si/Ti ratio of the nodular silica rocks follows a dilution trend of Ti by the addition of silica rather than the fairly constant trend indicative of acidic leaching (Yen *et al.*, [@B106]).

The amorphous opal phase (opal-A) was identified in the outcrops and soil based on diagnostic features in thermal infrared (TIR) spectra from the Miniature Thermal Emission Spectrometer (Mini-TES; ∼340--2000 cm^−1^). An unusual feature near 1260 cm^−1^ in these spectra not typically found in opal-A was initially attributed to high emission angle viewing geometry (Ruff *et al.*, [@B70]). Subsequently, it was recognized as an attribute of halite-encrusted opal-A, consistent with silica sinter produced from alkali-chloride hot springs in a high-evaporation, low-precipitation environment (Ruff and Farmer, [@B66]). A distinctive spectral feature of the nodular silica also is evident at ∼1 μm in visible/near-infrared observations from Spirit\'s multispectral Panoramic Camera (Pancam; ∼0.4--1 μm) (Wang *et al.*, [@B98]). Rice *et al.* ([@B63]) hypothesized that H~2~O or OH associated with opaline silica was responsible for this feature, although dusty surfaces in some viewing conditions can mimic it. They developed an index for Pancam spectra known as the "hydration signature," which is well correlated with high silica occurrences documented with Mini-TES and/or APXS.

3. Materials and Methods {#s007}
========================

3.1. Mars data {#s008}
--------------

The Mars images and spectra included in this work were produced from the instruments shown in [Table 1](#tb1){ref-type="table"}, which also includes sources for the data. Detailed descriptions of Spirit\'s payload are provided by Squyres *et al.* ([@B81]) and references therein. Color Pancam images were produced according to methods described by Savransky and Bell ([@B73]) and Bell *et al.* ([@B5]). Images from Spirit\'s cameras are identified in figure captions by using a sol number (consecutive martian day since the beginning of the mission) and a sequence identifier of the form PXXXX where X is a numeral. Together, these two identifiers can be used to locate images from the websites listed in [Table 1](#tb1){ref-type="table"}. Orbital images from the High-Resolution Imaging Science Experiment (McEwen *et al.*, [@B49]), Context Camera (Malin *et al.*, [@B48]), and Thermal Emission Imaging System Visible Imaging System (Christensen *et al.*, [@B17]) are identified in figure captions with the camera name and the alphanumeric sequence.

###### 

Data Sets Used in This Work and Their Sources

  Instrument                                            Description                                                                                              Data source
  ----------------------------------------------------- -------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------
  Spirit instruments                                                                                                                                             
   Pancam: Panoramic Camera                             13 Filter mast-mounted stereo imager spanning ∼0.4 to 1.0 μm                                             Approximate true color, false color, anaglyph stereo, and named color panoramas (*e.g.*, McMurdo pan) are available at <http://pancam.sese.asu.edu/images.html>
   MI: Microscopic Imager                               Monochromatic arm-mounted high-resolution imager (∼30 μm/pixel)                                          Single-frame and multi-frame mosaics are available at <http://an.rsl.wustl.edu/mer>
   Navcam: Navigation Camera                            Monochromatic mast-mounted stereo imager                                                                 Single-frame and multi-frame mosaics are available at <http://an.rsl.wustl.edu/mer>
   Mini-TES: Miniature Thermal Emission Spectrometer    FTIR point spectrometer spanning ∼5 to 29 μm (∼2000 to 340 cm^−1^)                                       Mirror-dust corrected emissivity spectra are available at <http://an.rsl.wustl.edu/mer>
  Orbiter instruments                                                                                                                                            
   HiRISE: High-Resolution Imaging Science Experiment   High-resolution camera (∼30 cm/pixel) on the MRO with 3 color filters centered on 536, 694, and 874 nm   <https://hirise.lpl.arizona.edu>
   CTX: Context Camera                                  High-resolution (∼6 m/pixel) monochromatic camera on MRO                                                 <http://global-data.mars.asu.edu/bin/ctx.pl>

FTIR, Fourier transform infrared; MRO, Mars Reconnaissance Orbiter.

3.2. Earth field sites and samples {#s009}
----------------------------------

Interpretations of Mars images and compositional information benefit from terrestrial field sites that provide analogous characteristics. Here, we include observations and samples from hydrothermal settings in the United States and Chile. Samples from field sites were collected with permission where required.

### 3.2.1. Roosevelt Hot Springs and Opal Mound, Utah {#s010}

These two sites, separated by ∼4 km, are surface manifestations of the same active hydrothermal system driven by a young magmatic intrusion beneath the Mineral Mountain Range, northeast of Milford in southwestern Utah (Lynne *et al.*, [@B46]). Opal Mound is the largest sinter deposit evident at the surface and was emplaced from ∼1900 to 1600 years ago from now-extinct hot spring vents on the Opal Mound fault (Lynne *et al.*, [@B46]). Smaller sinter deposits are present on the Hot Springs fault to the north and are part of the Roosevelt Hot Springs that were active until 1957 (Parry *et al.*, [@B59]). Currently, active surface manifestations are limited to fumaroles, steaming ground, and small seeps. Hot spring fluids were alkali-chloride in nature with a near neutral pH toward the end of their activity in the 1950s (Capuano and Cole, [@B16]).

### 3.2.2. El Tatio geyser field, Chile {#s011}

This is the third largest hot spring/geyser field on the Earth, and at ∼4300 m elevation, is one of the highest. It is located in the Altiplano of northern Chile, ∼90 km north of San Pedro de Atacama. This location is noteworthy for its high evaporation and low precipitation rates, high solar ultraviolet flux, and diurnal freeze-thaw conditions (Nicolau *et al.*, [@B57]), which provide more Mars-like conditions than most hydrothermal settings on the Earth (Ruff and Farmer, [@B66]). More than 100 geysers and other manifestations, including flowing hot springs, hot pools, mud pots, and fumaroles, have been documented, spanning an area of ∼10 km^2^ (Glennon and Pfaff, [@B28]). Discharging waters are of alkali-chloride composition at near neutral pH (Nicolau *et al.*, [@B57]). Sinter deposits are abundant and include nodular forms with biomediated digitate structures (stromatolites) (e.g., Jones and Renaut, [@B38]; Barbieri *et al.*, [@B4]; Ruff and Farmer, [@B66]).

### 3.2.3. Puchuldiza-Tuja hydrothermal system, Chile {#s012}

Similar to El Tatio, these two hydrothermal fields are part of the Central Andean Volcanic Zone and occur at high elevation (4100--4200 m) in the Altiplano. Both are adjacent to the active Isluga volcano and display hot springs and geysers among the various manifestations. Puchuldiza spans ∼1 km^2^ and Tuja, located ∼6 km northwest, spans ∼0.15 km^2^ (Tassi *et al.*, [@B87]). More than 100 active manifestations are present at Puchuldiza, with most having near neutral pH waters of alkali-chloride composition and abundant sinter deposits, some with nodular forms (Sanchez-Yanez *et al.*, [@B72]). Discharging waters at Tuja also are alkali-chloride, with pH spanning ∼5--6.5, although an extreme value of 1.76 has been documented (Tassi *et al.*, [@B87]). Abundant sinter deposits are present, and they include both nodular and digitate forms as presented in Section 4.

3.3. Laboratory studies {#s013}
-----------------------

### 3.3.1. Spectroscopy {#s014}

TIR spectra were acquired from selected field samples to characterize their mineralogy and allow for comparisons with Mini-TES spectra. A laboratory spectrometer (Nicolet iS50R; ∼200--2000 cm^−1^) with a custom apparatus for emission measurements was used. Data were measured and calibrated to emissivity according to the technique presented by Ruff *et al.* ([@B68]). Hand samples were measured on unprepared surfaces after heating in an oven for at least 2 h at 80°C to drive off adsorbed water and to enhance the emission measurement.

### 3.3.2. Sandblasting {#s015}

In an effort to investigate the role of aeolian abrasion in shaping the morphology and texture of the Home Plate opaline silica deposits, we have sandblasted samples in a cabinet containing basaltic sand driven by compressed air. Sand particle size was ∼250 μm (crushed and sieved particles from Amboy Crater basalt), which is the median size range of sand particles observed by Spirit in the "El Dorado" ripple field (Sullivan *et al.*, [@B86]). Airflow was controlled to drive sand at a rate of ∼20 m/s, which is at the low (conservative) end of the range (20--40 m/s) of wind speeds estimated to have caused the observed migration of sand ripples while Spirit was adjacent to Home Plate (Sullivan *et al.*, [@B86]). Although this was an unusually strong wind event, such relatively rare events are assumed to have the most influence on the landscape (Sullivan *et al.*, [@B86]). For the purposes of our laboratory-based effort, we used this airflow velocity to compress in time a process of erosion that on Mars may have occurred over millions or perhaps billions of years. The direction of the airflow was varied over the course of a run, spanning impact angles of roughly 20--80° (90° is normal incidence) across an azimuth range approaching 180°. This approach perhaps better addresses the uncertainty of the direction of winds over time as well as the multidirectional impact angles that presumably arise from passing dust devils (thermal vortices), which are well documented in Gusev crater (e.g., Sullivan *et al.*, [@B86]). The duration of a given run spanned ∼5--20 min depending on the susceptibility to abrasion of a given sample, as described in Section 4.

The sandblasting was performed at ambient atmospheric pressure and temperature, despite the known low pressure of the current martian atmosphere (600 Pa average). Although temperature is not a factor, atmospheric pressure (density) is a factor in the particle flux variable, *q*, of the abrasion rate relationship $$R{} = {}qfS_{a}$$

where *f* is the wind frequency, and *S~a~* is the susceptibility to abrasion (Greeley *et al.*, [@B29]). However, our aim is not to quantitatively address abrasion rate, as was done for coated rocks at the Mars Pathfinder site by Kraft and Greeley ([@B42]). Rather, it is to demonstrate the kind of changes in morphology and texture of opaline silica materials that could arise from prolonged exposure to wind-blown sand on Mars. In this context, the rate of abrasion, and hence the atmospheric pressure, is not a concern.

4. Results {#s016}
==========

Previous hypotheses for the origin of opaline silica at Home Plate generally include two processes involving hydrothermal activity, namely, fumarolic acid-sulfate leaching and precipitation from spring-related hydrothermal fluids. The proximity of S-rich soils has been used to bolster the case for the former, despite the recognition that both processes can occur within the same hydrothermal system (Squyres *et al.*, [@B85]; Wang *et al.*, [@B98]; Yen *et al.*, [@B105]). Although the S-rich soils and opaline silica deposits are not necessarily related (Yen *et al.*, [@B105]), Section 4.1 documents examples of hydrothermal environments where both are present. Section 4.2 expands on previous efforts to relate the morphology and textures of the Home Plate silica deposits to formation process(es) by using new field observations and laboratory efforts. Section 4.3 incorporates new and existing observations from Home Plate pertaining to the stratigraphy of the silica deposits, with comparisons to terrestrial silica producing environments. Finally, in Section 4.4, we provide new observations that support the possibility of a hot spring vent mound adjacent to Home Plate.

4.1. Proximity to S-rich soils {#s017}
------------------------------

There are abundant examples of the co-occurrence of fumarolic and hot spring activity on the Earth that include elemental S and S-rich minerals in rocks and soils in close proximity to hot spring sinter deposits (e.g., Day and Allen, [@B21]; White, [@B101]; Ellis and Mahon, [@B24]; Sorey *et al.*, [@B80]; Bignall and Browne, [@B8]; McHenry *et al.*, [@B50]). In fact, the co-occurrence of acid-sulfate leaching and hot spring sinter deposits is a recognized feature of hydrothermal systems throughout the geological record used to guide mineral exploration (e.g., Tritlla *et al.*, [@B90]; Van Kranendonk and Pirajno, [@B93]; Bethke *et al.*, [@B7]; Sillitoe and Hedenquist, [@B79]). Roosevelt Hot Springs is an example of such a co-occurrence. In this case, the hydrothermal system is currently transitioning from hot spring to fumarolic activity during a waning phase of surface activity. A common late-stage process in the evolution of hydrothermal systems is phase separation due to subsurface boiling, which can lead to the escape of gaseous hydrogen sulfide that combines with surface water to form sulfuric acid (e.g., White, [@B101]; Truesdell *et al.*, [@B91]; Shinohara *et al.*, [@B77]). The low pH fumarolic gases alter the host materials, producing an overprint of acid sulfate alteration. Such overprinting may have occurred within the Home Plate hydrothermal system, a scenario that has not been previously proposed but is widely recognized on the Earth (e.g., Bignall and Browne, [@B8]; Lynne and Campbell, [@B45]; Van Kranendonk and Pirajno, [@B93]; Van Kranendonk, [@B92]; Lynne *et al.*, [@B47]; Campbell *et al.*, [@B15]).

The transition to fumarolic activity at Roosevelt Hot Springs is best seen on a fault-bound hill slope where active acid-sulfate leaching has thoroughly altered the granitic regolith. A ragged margin is evident that divides the pervasive alteration below from the upper, patchy occurrences of sinter from now extinct hot springs, reflecting a declining water table ([Fig. 4](#f4){ref-type="fig"}). Steaming fumaroles emitting H~2~S gas and minor warm seeps with mildly acidic (pH 5--6) thermal waters (50--60°C) are present in the altered zone. Samples were not obtained from this zone, but Parry *et al.* ([@B59]) reported that the overlying alluvium has been partially to totally altered to alunite (KAl~3~(SO~4~)~2~(OH)~6~) and opal, with hematite staining the opal and filling small intergranular pores. The hematite includes pseudomorphs after pyrite within opal cement. The alunite derives from alteration of the granitic regolith that dominates the alluvium.

![Features of hydrothermal activity at Roosevelt Hot Springs, Utah. Former hot springs deposited sinter around pools and within discharge channels in the upper portion of the scene. Now only fumarolic activity remains, producing intense alteration in the lower portion. Yellow arrow points to vehicle for scale.](ast.2019.2044_figure4){#f4}

At the top of this hill is an extinct hot spring pool, evident from a sinter deposit partially encircling a zone of sinter regolith and other detrital materials ([Fig. 5](#f5){ref-type="fig"}). When overturned to a few centimeters, the regolith/soil displays elemental sulfur along with the odor of H~2~S and a temperature of ∼50°C. These features likely reflect acid-sulfate steam reaching the surface through the same plumbing system that fed the original hot spring, an indication of fumarolic overprinting of the original sinter deposit.

![A former Roosevelt Hot Springs pool displays silica sinter at the rim and S-rich soil from active fumarolic processes in the interior. Rectangle represents the inset view showing elemental S coating soil clods.](ast.2019.2044_figure5){#f5}

4.2. Morphology and texture {#s018}
---------------------------

The morphology (shape) and texture (surface or interior details) of the Home Plate opaline silica rocks reflect the processes that formed and modified them. Ruff *et al.* ([@B70]) interpreted the nodular morphology as the result of erosion, although the possibility that it is, in part, a primary characteristic also was suggested. Likewise, the digitate structures were assumed to be the result of aeolian abrasion. Subsequently, however, the similarity of these features to those displayed by sinter deposits within hot spring and geyser discharge channels at El Tatio was recognized (Ruff and Farmer, [@B66]). In addition, opaline silica nodules of comparable size and morphology, and with halite encrustations, also have been found to be common features of discharge channels at Puchuldiza and Tuja ([Fig. 6](#f6){ref-type="fig"}). Similar to El Tatio, nodular silica is found in the mid- to low-temperature (\<40°) portions of these channels. We note that the digitate structures tend to be more prominent at Tuja compared with the bumpy expression typical of Puchuldiza nodules ([Fig. 6](#f6){ref-type="fig"}).

![Sinter deposits in hot spring discharge channels at **(A)** Tuja, Chile and **(B)** Puchuldiza, Chile. Both include nodular morphology with digitate structures, although the latter are more prominent in the Tuja example. The inset in **(A)** shows a layered stromatolite-like feature exposed on the underside of the indicated nodule after it was chiseled from the channel floor.](ast.2019.2044_figure6){#f6}

At El Tatio, some digitate structures were shown to be biomediated stromatolites (Ruff and Farmer, [@B66]). An example of a digitate silica nodule from Tuja also displays fine, stromatolite-like internal laminations on a surface exposed after it was chiseled from the lithified channel floor on which it was anchored ([Fig. 6](#f6){ref-type="fig"}). We have found anchored nodular silica among discharge channels at El Tatio and Puchuldiza as well, which presumably reflects the depositional accretion process. However, nodules with no point of attachment also are common. Anchored silica nodules are evident at Home Plate in multiple locations where they were rolled over by the rover wheels without being disturbed (Ruff *et al.*, [@B70]).

Although a primary origin is possible for the digitate structures among the Home Plate area opaline silica nodules, they surely would have been subjected to some degree of aeolian abrasion since their formation. This motivates the question of how they might have been reshaped over time and exposure to wind-blown sand. We have approached this question by sandblasting two field samples with different characteristics. One is the piece of digitate, nodular silica from Tuja described above and shown in [Fig. 6](#f6){ref-type="fig"}, which represents fresh sinter from an active discharge channel. The other comes from one of the extinct Roosevelt Hot Springs that has been exposed to surface weathering for \>60 years (hot spring activity ended there in 1957; Capuano and Cole, [@B16]). The Tuja sample was quickly eroded with only 5 min of sandblasting, essentially destroying the digitate structures while revealing internal laminations within the basal parts of the eroded digitate structures. In contrast, the initially stubby structures on the Roosevelt sample became more accentuated after ∼20 min of sandblasting ([Fig. 7](#f7){ref-type="fig"}). This contrast in the effects of erosion reflects the relative hardness of fresh (softer) versus aged (harder) sinter.

![Nodular silica sinter before and after sandblasting. **(A)** A fresh sample from the hot spring discharge channel at Tuja, Chile ([Fig. 6](#f6){ref-type="fig"}) displays prominent digitate structures, which are severely eroded after sandblasting **(B)**. **(C)** An aged sample from an extinct hot spring at Roosevelt Hot Springs, Utah displays stubby digitate structures, which become accentuated after sandblasting **(D)**.](ast.2019.2044_figure7){#f7}

Herdianita *et al.* ([@B35]) demonstrated that aging of sinter is accompanied by dehydration, loss of porosity, and an increase in density, which translates to an increase in hardness over time. Soft and friable fresh sinter becomes harder with age after cessation of hydrothermal circulation, even while retaining its opal-A mineralogy (Herdianita *et al.*, [@B35]). Lynne and Campbell ([@B45]) developed a friability index for opaline silica sinter and indicated that porous friable sinter is a product of polymeric silica deposition, whereas indurated opaline sinter forms during monomeric deposition. Laboratory TIR spectra of the fresh Tuja sinter and aged Roosevelt Hot Springs sinter reveal opal-A mineralogy for both materials, despite the obvious difference in hardness.

Another consideration for Home Plate nodular silica is whether aeolian abrasion can form digitate structures where none was initially present. For example, there are many forms of sinter, both nodular and otherwise, that do not display digitate structures but perhaps would through aeolian abrasion. To test this scenario, we selected a sample of sinter breccia from El Tatio for sandblasting. Sinter breccia is composed of fragments of earlier generations of sinter that are deposited and cemented by opaline silica to form new rock, which is common in hot spring environments (e.g., Campbell *et al.*, [@B12]; Jones and Renaut, [@B39]; Hinman and Walter, [@B36]; Hamilton *et al.*, [@B33]). Because of the fragmental nature of sinter breccia, it commonly contains clasts of varying hardness that might allow for preferential erosion that could lead to digitate or protruding structures. Given that some of the Home Plate silica rocks appear to have a breccia texture consistent with sinter breccia (Ruff *et al.*, [@B70]), the use of such material was especially appropriate for a sandblasting experiment.

We subjected a sinter breccia sample from El Tatio to ∼15 min of sandblasting, which produced no protrusions. Instead, the porous nature of the breccia was enhanced, clasts were smoothed and rounded, and dimpled surfaces emerged, resulting in a texture that resembles the unusual texture of "Nancy Warren," one of the Home Plate silica rocks observed with the MI ([Fig. 8](#f8){ref-type="fig"}). Tabular clasts are evident in both the sandblasted El Tatio sample and Nancy Warren, which in sinter breccia is a reflection of its fragmental origin. The proximity of Nancy Warren to the best example of breccia texture around Home Plate, which occurs in the disturbed rock dubbed Norma Luker about 1 m away, strengthens the case that its unusual texture represents naturally sand-abraded breccia.

![Breccia texture in sinters from El Tatio and comparable texture in Home Plate silica rocks. **(A)** A fresh surface of El Tatio sinter breccia shows porosity and clasts that resemble those from **(B)** "Norma Luker," a silica rock broken open or overturned by the rover\'s wheel (MI image, sol 1291, P2956). **(C)** The sandblasted and basalt sand-covered surface of another El Tatio sinter breccia resembles **(D)** "Nancy Warren," a silica rock exposed to aeolian abrasion \<1 m from Norma Luker (MI image, sol 1227, P2976). Arrows in **(C)** and **(D)** highlight similar emergent tabular clasts. Sunlight appears saturated in a portion of this otherwise shadowed scene. All images are at the same scale. MI, Microscopic Imager.](ast.2019.2044_figure8){#f8}

Another unusual texture observed with the MI among the opaline silica rocks around Home Plate is a sponge-like surface on the nodular rock with prominent digitate structures dubbed Elizabeth Mahon ([Fig. 9A](#f9){ref-type="fig"}; Ruff *et al.*, [@B70]). Ruff and Farmer ([@B66]) presented a possible analogous texture observed on a sinter sample from El Tatio. We now recognize a more compelling analogue from the Roosevelt Hot Springs example described above in which late-stage fumarolic activity is present within a soil-filled extinct hot spring ([Fig. 5](#f5){ref-type="fig"}). The sinter deposit at the rim of the former hot spring pool has a remarkably similar sponge-like or honeycomb texture ([Fig. 9B](#f9){ref-type="fig"}) that is atypical of primary sinter texture. It likely arises through corrosion from fumarolic activity, a scenario outlined by Rodgers *et al.* ([@B65]) for long-lived hydrothermal fields where changing hydrologic conditions cause steam condensate to permeate older sinter, leading to silica dissolution, remobilization, and reprecipitation.

![Unusual sponge-like texture on silica rocks. **(A)** Elizabeth Mahon has prominent digitate structures that appear smooth compared with sponge-like texture of the lower portions (MI mosaic, sol 1157, P2976). **(B)** A piece of sinter from the rim of the extinct Roosevelt Hot Spring shown in [Fig. 5](#f5){ref-type="fig"} has a remarkably similar texture, likely due to corrosion from late-stage fumarolic activity.](ast.2019.2044_figure9){#f9}

4.3. Stratigraphy {#s019}
-----------------

The stratigraphic relationship of the nodular opaline silica outcrops with other rock units adjacent to Home Plate remains unresolved. Squyres *et al.* ([@B85]) first noted that the nodular silica outcrops cover the Halley class buff-colored platy outcrops in multiple places on the east side of Home Plate ([Fig. 10](#f10){ref-type="fig"}). This constitutes a stratiform relationship between older Halley rocks and younger silica rocks as noted by Ruff *et al.* ([@B70]). Although underlying contacts are obscured by regolith in some places, nowhere are the opaline silica deposits observed to lie on a different lithologic unit, nor has any direct overlying contact been observed. These observations lead to two possible stratigraphic models ([Fig. 11](#f11){ref-type="fig"}). In model 1, the opaline silica deposits are part of the ancient stratigraphy of the Home Plate area, forming a discontinuous layer deposited above the Halley class unit and below the volcaniclastic and basaltic units. The buried Halley class rocks and opaline silica deposits were then exhumed by erosion of the overlying units. In model 2, the opaline silica deposits are younger (no age constraints) than all of the Home Plate volcanic units, deposited on re-exposed Halley class after a period of erosion of the overlying units.

![Discontinuous nodular silica outcrops displaying stratiform nature and sharp contact relationship with underlying buff-colored platy bedrock. Arrows point to examples in this cropped portion of the Pancam ATC McMurdo panorama looking NE from Low Ridge. Rover wheel tracks indicated by the double-headed arrow are ∼1 m apart.](ast.2019.2044_figure10){#f10}

![Conceptual stratigraphic models for Home Plate and rocks to the east. In model 1, silica rocks (in yellow) are emplaced on the Halley unit followed by volcaniclastics and basalt/scoria. Subsequent erosion re-exposes the silica rocks and Halley unit. In model 2, silica rocks are emplaced on the Halley unit after emplacement and erosion of the other units. The vertical section represents ∼2 m, but units are not shown to scale.](ast.2019.2044_figure11){#f11}

The lack of overlying contacts seems to favor model 2, yet there are at least two locations that suggest that the opaline silica deposits were buried by the volcaniclastic and basaltic rocks. In the Eastern Valley, an outcrop known as Clara Zaph contains nodular opaline silica \<2.5 m from Home Plate volcaniclastic rocks that dip away from it ([Fig. 12](#f12){ref-type="fig"}). Although there is no definitive contact relationship exposed in this location, it appears that the nodular silica outcrop is being exhumed from a pebbly basal unit of Home Plate deposits. This suggests that the opaline silica outcrop predates Home Plate volcaniclastic rocks.

![Stratigraphy at the eastern edge of Home Plate. The cropped Navcam mosaic (sol 1121, P0615) includes a portion of Mitcheltree Ridge (MR) to the right. Yellow rectangle represents the position of the yellow-lined inset false-color view of Elizabeth Mahon (sol 1160, P2582 spanning ∼15 cm), part of Clara Zaph, the closest nodular digitate silica outcrop to Home Plate. White rectangle represents white-lined inset false-color view (sol 1180, P2596 spanning ∼35 cm) of cemented pebbly volcaniclastic rocks that are basal to the Home Plate rocks, from which the nodular silica appears to be emerging. White spot is specular glint from the ∼4 cm diameter circular area brushed with the Rock Abrasion Tool.](ast.2019.2044_figure12){#f12}

Another example of a possible overlying contact relationship occurs among outcrops at the southern tip of Mitcheltree Ridge, a long topographic feature parallel to the eastern margin of Home Plate ([Fig. 2](#f2){ref-type="fig"}) that hosts volcaniclastic and basaltic rocks comparable to those of Low Ridge (Arvidson *et al.*, [@B2]). Here, a small buff-colored platy outcrop with characteristics consistent with the recognized stratigraphy of Halley class rocks lies at the base of the ridge ([Fig. 13A](#f13){ref-type="fig"}). Nodular rocks, one with prominent digitate structures, are present on top ([Fig. 13B](#f13){ref-type="fig"}). Although no Mini-TES spectra were acquired here, the Pancam hydration signature ([Fig. 13C](#f13){ref-type="fig"}) highlights portions of the nodular rocks with the same intensity as observed on targets shown by Mini-TES elsewhere to have opaline silica. It is noteworthy that some of the intact surfaces and fragments of platy rocks have intense hydration signatures, likely too intense to be the false positives attributed to surface dust viewed at certain angles (Rice *et al.*, [@B63]), as found on portions of some of the adjacent bluer rocks. Instead, these platy rocks may represent alteration of Halley rocks by silica-rich fluids (silicification) during the deposition of the likely nodular silica rocks, as discussed in Section 5.1.

![Evidence for nodular opaline silica in contact with Halley class rocks at the southern tip of Mitcheltree Ridge. **(A)** Cropped portion of the Pancam ATC McMurdo panorama looking N from Low Ridge showing context of Halley class buff-colored platy bedrock. Rectangle represents view in **(B)** and **(C)**. Rover tracks are ∼1 m apart. **(B)** A false-color Pancam image (sol 1113, P2456) of unnamed rocks includes light-toned nodular rocks, one with pronounced digitate structures, appearing to erode from the layered Halley class outcrop. Bluish rocks include spherical grains, presumably accretionary lapilli similar to those in volcaniclastic rocks at Low Ridge. **(C)** The Pancam hydration signature supports an opaline silica composition for the nodular rocks and possible silicification of Halley rocks. Blue to red hues show low to high values, respectively, with red corresponding to the value observed for the known opaline silica materials at Gertrude Weise and Elizabeth Mahon.](ast.2019.2044_figure13){#f13}

The combination of color, morphology, and hydration signature makes a strong case that this location hosts nodular and digitate opaline silica in contact with underlying Halley class outcrop. The bluer rocks in this location, the largest of which display textures that include spherical grains interpreted as accretionary lapilli, are comparable to volcaniclastic rocks elsewhere on Mitcheltree and Low Ridge. These volcaniclastic rocks appear to overlie and thus appear to be younger than the apparent nodular opaline silica. If the opaline silica were younger here, the overlying volcaniclastic rocks likely would have been silicified as suggested above for the Halley rocks, but this is not the case.

Another location provides support for silicification of Halley class rocks in the Eastern Valley. Within ∼1 m of the Gertrude Weise silica-rich soil deposit, Ruff *et al.* ([@B70]) documented two Pancam and Mini-TES targets dubbed Ethyl Boyce and Joanne Weaver. Here, the Halley buff-colored platy rocks are exposed and directly overlain by nodular rocks. The platy rocks dominate the Mini-TES field of view (FOV) in each case, yet the spectra display evidence for opaline silica ([Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}). The presence of opaline silica here also is indicated by the hydration signature from Pancam on the Ethyl Boyce target. Unfortunately, the Pancam observation of Joanne Weaver was limited to three of its 11 unique spectral filters, insufficient to investigate the hydration signature. Although not suggested by Ruff *et al.* ([@B70]), spectral evidence for opaline silica among the Halley class rocks at this location may be an indication of their silicification.

Given that the nodular silica rocks have only been found in contact with the Halley class unit, and this unit displays evidence for silicification, two scenarios are most likely for the timing and mode of silica emplacement from hydrothermal activity. First is that silica was emplaced either as sinter deposits on exposed Halley class rocks or through acid-sulfate alteration of these rocks, followed sequentially by emplacement of the volcaniclastic units and then Irvine class rocks. The second scenario is that the silica was emplaced after the deposition and erosion of Halley class rocks and the overlying units, either as sinter deposits or through acid-sulfate alteration. In this scenario, only Halley class rocks were subjected to silica emplacement. As discussed in Section 5, however, the emplacement of silica as sinter deposits lying stratigraphically on top of Halley rocks is the scenario that is the most consistent with the observations outlined above. This scenario is supported by evidence for a nearby hot spring vent mound described below.

4.4. Candidate hot spring vent mound {#s020}
------------------------------------

The final phase of the Spirit mission occurred at the base of the western scarp of Home Plate. From there, an unusual mound-shaped structure ∼15 m across at its base and 1--2 m high was observed \<50 m west of Home Plate ([Fig. 2](#f2){ref-type="fig"}). Dubbed Pioneer Mound, it was viewed from multiple angles with Pancam and Mini-TES. Its rocks have a distinctive reddish hue and clustered distribution compared with the scattered bluish basaltic rocks that surround it ([Fig. 14](#f14){ref-type="fig"}). Because these characteristics are found in all the known opaline silica outcrops around Home Plate, the rocks of Pioneer Mound were suggested to be composed of opaline silica as well (Ruff *et al.*, [@B70]). The opaline silica composition of Pioneer Mound rocks remained speculative, because it is too distant for reliable Pancam hydration signature analysis (Rice *et al.*, [@B63]) and it was observed at a time in the mission of extreme dust contamination of the Mini-TES optics. Now we have recognized a method for obtaining useable spectral information from the dust-encumbered Mini-TES spectra.

![Pioneer Mound, a possible hot spring vent mound, viewed from multiple positions in the West Valley of Home Plate. Clusters of reddish-hued rocks, distinct from the surrounding scattered rocks with bluish hues in these Pancam false-color images, are consistent with all known opaline silica outcrops. **(A)** Single frame acquired on sol 1860 (P2561). **(B)** Two-frame mosaic acquired on sol 1865 (P2553). Blue circle represents the Mini-TES FOV on a cluster of reddish-hued rocks for spectrum in [Fig. 15](#f15){ref-type="fig"}. **(C)** Two-frame mosaic acquired on sol 1898 (P2377). Purple circle represents the Mini-TES FOV on aeolian bedforms for spectrum in [Fig. 15](#f15){ref-type="fig"}. FOV, field of view; Mini-TES, Miniature Thermal Emission Spectrometer.](ast.2019.2044_figure14){#f14}

![Mini-TES spectra of known opaline silica rocks resemble that of Pioneer Mound. Color of spectra keyed to color of Mini-TES sample spots shown here and in [Fig. 14B and C](#f14){ref-type="fig"}. **(A)** Spectra of opaline silica rock "Nancy Warren" were acquired before (black) and after (red) additional dust contamination of Mini-TES optics. The opaline silica outcrop "Stapledon" was observed after this contamination (green), as was Pioneer Mound (blue; [Fig. 14B](#f14){ref-type="fig"}). Despite significant mirror-dust features, all contaminated spectra share the opaline silica feature at 470 cm^−1^ (vertical line) and similar features throughout; basaltic sand in front of Pioneer Mound does not (purple; [Fig. 14C](#f14){ref-type="fig"}). **(B)** Nancy Warren with Mini-TES FOVs (Pancam false-color, sol 1190, P2534). **(C)** Stapledon with Mini-TES FOV (Pancam false-color, sol 1690, P2268).](ast.2019.2044_figure15){#f15}

The exposed pointing mirror in the periscope-like mast used by Mini-TES was first contaminated by dust during aeolian activity on ∼sol 420 (Ruff *et al.*, [@B69]). A robust correction was developed and applied successfully to Mini-TES spectra through sol 1220, after which dust from a planet-encircling dust event produced additional contamination that was no longer fully correctable (Ruff *et al.*, [@B70]). However, spectral features of a given target are still discernable, especially in the long wavelengths (low wavenumbers; \<600 cm^−1^) of Mini-TES spectra, where dust has relatively weak features (Ruff *et al.*, [@B69], [@B70]). With the benefit of Mini-TES spectra obtained from known opaline silica rocks before and after the sol 1220 mirror-dust build-up, we have compared these spectra with those of Pioneer Mound.

The best Mini-TES observation of Pioneer Mound occurred on sol 1864 from its closest vantage point (∼35 m), providing viewing geometry that maximized the FOV on a cluster of reddish-hued rocks ([Fig. 14B](#f14){ref-type="fig"}). Applying the standard mirror-dust correction (Ruff *et al.*, [@B70]) to the spectrum reduces but does not eliminate the spectral contributions of dust. The same correction was applied to Mini-TES spectra of the known opaline silica rock Nancy Warren acquired before and after the sol 1220 mirror-dust build-up (sol 1189 and 1223, respectively). A second rock called Stapledon was observed with Mini-TES only after the dust build-up (sol 1788), but it was recognized as another nodular silica rock based on color, morphology, and the APXS measurement, which yielded an SiO~2~ value of 72 wt % despite basaltic soil in the APXS FOV (Ruff *et al.*, [@B70]). Finally, a Mini-TES observation of the dark-toned aeolian bedforms at the base of Pioneer Mound acquired on sol 1897 ([Fig. 14C](#f14){ref-type="fig"}) was used as a way of contrasting its spectral features with those of the Pioneer Mound rocks. This material presumably is composed of basaltic sand with a variable dust cover similar to that seen in comparable settings elsewhere in the Columbia Hills (e.g., Arvidson *et al.*, [@B2]; Sullivan *et al.*, [@B86]). The standard mirror-dust correction also was applied to its Mini-TES spectrum. It is noteworthy that the Mini-TES observations of Pioneer Mound, Nancy Warren, and Stapledon include in the FOV some amount of basaltic sand and dust as well.

The spectra are shown in [Fig. 15](#f15){ref-type="fig"}, from which it is apparent that a key feature of opal-A at ∼470 cm^−1^ attributable to an Si-O bending mode (Lippincott *et al.*, [@B44]) is recognizable in the Pioneer Mound spectrum and clearly absent in the basaltic sand spectrum (purple spectrum). Additionally features throughout the spectra of the known opaline silica rocks observed after the sol 1220 dust build-up more closely resemble those of the Pioneer Mound spectrum than those of the basaltic sand spectrum. Thus, the combination of color, morphology and distribution, and TIR spectral characteristics of the Pioneer Mound rocks strongly supports the likelihood that they are composed of opaline silica.

Mounds with rocks composed of opaline silica are found in hydrothermal settings where hot springs build up sinter deposits around vent pools. Although hot spring vent mounds vary substantially in size and shape, examples from Puchuldiza and El Tatio are remarkably similar to Pioneer Mound in both size and shape ([Fig. 16](#f16){ref-type="fig"}). The geomorphology of Pioneer Mound and evidence for opaline silica mineralogy are consistent with, although not uniquely interpretable as, an ancient hot spring vent mound. Geomorphically complete, hot spring vent mounds can still be recognized in ancient landscapes on Earth that hosted hydrothermal activity as far back as the Jurassic Age (Guido and Campbell, [@B31]).

![Pioneer Mound resembles hot spring vent mounds of comparable size on Earth. White bar in each image represents ∼2 m. **(A)** Pioneer Mound shown in Pancam false color image from sol 1860 (P2561). **(B)** Extinct hot spring mound at Puchuldiza, Chile. **(C)** Active hot spring mound with colorful microbial communities in discharge channels at El Tatio, Chile. **(D)** Active hot spring mound (discharge channel is on opposite side) at Puchuldiza, Chile.](ast.2019.2044_figure16){#f16}

5. Discussion {#s021}
=============

5.1. The origin of Home Plate silica {#s022}
------------------------------------

There is broad consensus in the literature that hydrothermal activity played a role in the origin of S-rich soils and opaline silica outcrops and soil in the vicinity of Home Plate. However, there has been a tendency to attribute the origin of these geological materials to a single hydrothermal process, despite the range of manifestations and processes known on Earth to result from an evolving hydrothermal system (c.f., Sillitoe, [@B78]). Given the disparities in composition, setting, physical properties, and location of the materials in the vicinity of Home Plate that are attributed to hydrothermal activity, it is reasonable to conclude that multiple hydrothermal processes likely were involved in their formation.

All Paso Robles class S-rich soils occur beneath a cover of minimally altered basaltic soil and have a composition that is reasonably interpreted to result from some combination of hydrothermal fluids and condensed volcanic vapors in an acid-sulfate fumarolic environment (Yen *et al.*, [@B105]). Such fluids also can lead to leaching of silicate rocks to produce opaline silica, but the stratiform outcrop expression of Home Plate opaline silica deposits and their sharp contacts with the underlying rocks are not characteristics of this process. In fact, leaching and alteration associated with fumarolic activity leads to polymineralic products with very irregular distributions, features evident at the small scale in Paso Robles soils (Ming *et al.*, [@B54]; Morris *et al.*, [@B55]) and at the larger scale among the fumaroles at Roosevelt Hot Springs ([Fig. 4](#f4){ref-type="fig"}) and many other fumarolic settings on Earth. Sulfur Banks, Hawai\'i is one such example cited by Squyres *et al.* ([@B85]), yet its ragged, non-stratiform contacts and multiple alteration products ([Fig. 17](#f17){ref-type="fig"}) are in stark contrast to the Home Plate opaline silica deposits.

![Fumarolic acid-sulfate leaching of basaltic materials at Sulfur Banks, Hawai\'i. Alteration assemblage includes elemental S (yellow), sulfates (white), opaline silica (light gray), and Fe-oxides and oxyhydroxides (reddish hues). Neither stratigraphic or topographic control nor sharp contacts between altered and unaltered materials are evident.](ast.2019.2044_figure17){#f17}

The opaline silica outcrops and soil adjacent to Home Plate show no sulfur enrichment nor any alteration phases other than opal-A, with the exception of a possible halite crust in some places (Ruff and Farmer, [@B66]). We are not aware of any examples of halite-encrusted opaline silica produced in a fumarolic environment. Instead, the mineralogy, stratiform expression, and sharp contacts shown by the nodular silica outcrops are all recognized features of hot spring sinter deposits on Earth.

Sharp contacts and monomineralic composition are features of the sinter deposits at Roosevelt Hot Springs. One example is present on a hillside where sinter was deposited in a discharge channel emanating from a former hot spring near the top of the hill shown in [Fig. 4](#f4){ref-type="fig"}. The sinter deposit is now eroded into relief from the surrounding granitic alluvium that once hosted the channel, revealing the sharp contact at its base ([Fig. 18](#f18){ref-type="fig"}). A smaller example from the Opal Mound location displays the now disaggregated remnants of sinter deposited on granitic regolith, revealing a sharp contact. The silica-rich fluids that deposited sinter also infiltrated the underlying regolith such that what was once loose particulate material is now cemented by opaline silica ([Fig. 19](#f19){ref-type="fig"}), as shown by TIR spectroscopy ([Supplementary Fig. S2](#SD1){ref-type="supplementary-material"}). Common occurrences of granitic alluvium cemented by opaline silica were noted by Parry *et al.* ([@B59]) throughout the Roosevelt Hot Springs/Opal Mound area, consistent with our example. This example of silicification due to hot spring fluids may be comparable to the candidate examples of silicification of Halley class rocks described in Section 4.3.

![A topographically inverted sinter-filled discharge channel (arrows) from an extinct Roosevelt Hot Spring displays a sharp contact with the substrate. Yellow arrow points to view shown in the inset, where the hammer rests on granitic alluvium below the sinter deposit.](ast.2019.2044_figure18){#f18}

![Cobbles and boulders of granitic regolith cemented by opaline silica near Opal Mound, Utah. Rectangle represents the inset view showing layer of sinter in sharp contact with the substrate. Blue rock hammer handle is ∼20 cm long.](ast.2019.2044_figure19){#f19}

The exclusive contact relationship of nodular silica overlying Halley class rocks essentially precludes a stratigraphy in which silica was deposited after the emplacement and erosion of the volcaniclastic rocks and Irvine vesicular basalt/scoria in the vicinity of Home Plate ([Fig. 11](#f11){ref-type="fig"}, model 2). If the silica was deposited as residue from fumarolic acid-sulfate leaching, it is highly unlikely to have been limited to a single rock unit in the stratigraphy (*i.e.*, Halley class). Steam and gases from fumaroles travel through host materials and, on exiting to the surface, drift with the wind and condense on any available surface. This produces an alteration that is independent of stratigraphy or topography ([Fig. 17](#f17){ref-type="fig"}). Likewise, if the silica was emplaced as sinter deposits from hot spring or geyser discharge channels, it is highly unlikely to have been limited to just the Halley class rocks in a landscape littered with the eroded remnants of other rock units. Instead, the more likely scenario is one in which silica was emplaced stratigraphically on top of Halley class rocks before deposition of the overlying volcaniclastics and Irvine class rocks ([Fig. 11](#f11){ref-type="fig"}, model 1). Both scenarios require subsequent erosion to re-expose the Halley class rocks, but only a conformable stratigraphic model (model 1) reasonably explains the presence of opaline silica rocks in contact with only one rock type.

Additionally, the morphology and texture of the Home Plate silica outcrops are a challenge to any kind of leaching origin. Leaching acts on existing rocks to produce opaline silica residue, a process not known to create nodular morphology, digitate structures, or breccia texture. Although subsequent erosional processes could have played a role in the formation of these features, our initial efforts with sandblasting suggest that erosion by wind-blown sand may not be an effective way to produce digitate structures. It may be even more difficult if aged opaline silica on Mars is comparable in hardness to aged sinter samples that we sandblasted, which proved to be surprisingly resistant to erosion. We are not aware of any examples of opaline silica residue on Earth manifesting the combination of morphologic and textural features displayed by Home Plate silica outcrops. Instead, all of these features are present, and indeed common, in hot spring sinter deposits on Earth.

It thus seems that the most straightforward explanation for the combination of hydrothermally derived materials in the Home Plate vicinity is a combination of hydrothermal processes manifested by fumaroles and hot springs and/or geysers. The S-rich soils are most consistent with acid-sulfate fumarolic activity, and the opaline silica outcrops are most consistent with alkali-chloride hot spring/geyser activity. These processes could have occurred simultaneously or sequentially, but most likely from the same hydrothermal system. Where S-rich soils show evidence for a silica component, as at the Arad and Tyrone locations (e.g., Wang *et al.*, [@B98]; Yen *et al.*, [@B105]; Rice *et al.*, [@B63]) ([Fig. 1](#f1){ref-type="fig"}), this could be an indication of one or both processes. For example, the Tyrone soil is several meters distant from a known occurrence of opaline silica outcrop ("Tyrone nodules"; Ruff *et al.*, [@B70]), so it could be a mixture of acid-sulfate altered soil and comminuted silica sinter. Elsewhere, there is evidence for overprinting of nodular silica by acidic alteration, as shown by the possible corrosion texture we identified on Elizabeth Mahon ([Fig. 9](#f9){ref-type="fig"}), which may reflect the interaction of fumarolic gases after silica emplacement in a waning hydrothermal system.

Hydrothermal systems are known to undergo hydrologic changes as they wane, transitioning from hot spring/geyser activity to fumarolic activity (Drake *et al.*, [@B23]; cf. Campbell *et al.*, [@B15]), as shown, for example, at Roosevelt Hot Springs. Both can also occur at the same time in the same hydrothermal system, as shown, for example, at Yellowstone National Park (e.g., Fournier, [@B27]). Regardless of the evolution of the Home Plate hydrothermal system, it is reasonable to conclude from our observations that the opaline silica outcrops originated as sinter deposits from hot springs and/or geysers.

5.2. The significance of sinter on Mars {#s023}
---------------------------------------

Opaline silica sinter deposits on Earth display morphologic and textural features related to temperature gradients, topography, evaporation rates, and associated microbial communities found in hot spring/geyser settings (e.g., Walter, [@B94]; Cady and Farmer, [@B9]; Jones *et al.*, [@B40]; Campbell *et al.*, [@B12], [@B13]). Facies models have been developed from such observations, but there are sufficient variations related to environmental factors and the particular characteristics of a given hydrothermal system that no single model is universally applicable. The hydrothermal fields of Chile\'s Altiplano are an example. They typically lack the distal, low-temperature marsh facies common in wetter environments (e.g., Campbell *et al.*, [@B13]) and display morphological and textural variations in their sinter deposits that result from high evaporation/low precipitation rates (e.g., Nicolau *et al.*, [@B57]). Another example is the lack of broad sinter terraces at Roosevelt Hot Springs, which are otherwise common in long-lived hot spring systems with significant discharge volumes. However, features of vent, proximal slope, and channel facies are still recognizable there.

In this context, it is notable that the Home Plate silica deposits include rocks with breccia textures and digitate structures in separate locations, perhaps an indication of lateral and/or vertical facies variations. Walter ([@B94]) described sinter breccia forming in the well-drained interfluves between discharge channels. Terrestrial examples of digitate structures that most closely resemble those on Mars occur in mid- to low-temperature portions of discharge channels. Thus, the presence of different textures and morphology among the silica outcrops could be an indication of at least two sinter facies in a possible hot spring/geyser setting at Home Plate. The unexplored Pioneer Mound structure, a candidate hot spring vent mound, would be an ideal place to search for evidence of additional sinter facies.

The concept of biomediated sinter facies is key to the possible significance of hot spring deposits on Mars. On Earth, morphologic, textural, and organic biosignatures are captured and preserved in sinter biofacies at macroscopic and microscopic scales (e.g., Cady and Farmer, [@B9]; Campbell *et al.*, [@B14]; Jones *et al.*, [@B40]; Konhauser *et al.*, [@B41]; Teece *et al.*, [@B88] in this issue; Walter *et al.*, [@B97]; White *et al.*, [@B103]). Sinter facies on Mars thus would offer multiple settings to search for biosignatures preserved in silica (e.g., Walter and Des Marais, [@B96]; Farmer and Des Marais, [@B26]; Campbell *et al.*, [@B13], 2015b; Westall *et al.*, [@B100]; Djokic *et al.*, [@B22]; Cady *et al.*, [@B10]). Although the digitate structures of some opaline silica nodules around Home Plate represent candidate biosignatures akin to those found in sinter biofacies on Earth (Ruff and Farmer, [@B66]), a singular focus on these features (McMahon *et al.*, [@B51]) is insufficient to identify the origin of the silica deposits there. Instead, the rich set of observations presented herein provides robust evidence for sinter deposits at Home Plate.

6. Conclusions {#s024}
==============

A suite of observations summarized below supports the identification of a former hydrothermal system in the Home Plate region displaying multiple manifestations including both fumarolic and hot spring activity. The opaline silica rocks most likely are sinter deposits from hot spring/geyser activity, a key target in the search for potentially habitable environments and ancient life on Mars.

1.  The presence of S-rich soils in the Columbia Hills is consistent with acid-sulfate fumarolic activity representing one manifestation of a hydrothermal system.

2.  Opaline silica with nodular morphology and digitate structures similar to those shown by the silica deposits at Home Plate are common in hot spring and geyser discharge channels on Earth. Breccia textures evident among some Home Plate silica rocks are a common feature of hot spring/geyser sinter deposits. This combination of features is not recognized in leaching-derived opaline silica occurrences on Earth.

3.  Outcrops of nodular opaline silica at Home Plate are stratiform in occurrence and in many places display sharp contacts with an underlying rock unit (Halley class). These characteristics are common among silica sinter deposits on Earth but are not recognized in fumarolic settings where silica residue is produced.

4.  The exclusive contact relationship of nodular silica rocks on top of Halley class rocks favors their deposition before the emplacement of Home Plate, Low Ridge, and Mitcheltree Ridge volcaniclastic deposits and capping basaltic rocks.

5.  A mound-shaped feature \<50 m west of Home Plate named Pioneer Mound may represent a relatively intact ancient hot spring vent mound based on evidence for opaline silica rocks at this locale and morphology comparable to examples in Chile.
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